Complement is a part of innate immunity that has a critical role in the protection against microbial infections, bridges the innate with the adaptive immunity and initiates inflammation. Activation of the complement, by specific recognition of molecular patterns presented by an activator, e.g. a pathogen cell, in the classical and lectin pathways or spontaneously in the alternative pathway, leads to the opsonization of the activator and the production of pro-inflammatory molecules such as the C3a anaphylatoxin. The biological function of this anaphylatoxin is regulated by carboxypeptidase B, a plasma protease that cleaves off the C-terminal arginine yielding C3a desArg, an inactive form. While functional assays demonstrate strikingly different physiological effects between C3a and C3a desArg, no structural information is available on the possible conformational differences between the two proteins. Here, we report a novel and simple expression and purification protocol for recombinant human C3a and C3a desArg anaphylatoxins, as well as their crystal structures at 2.3 and 2.6 Å respectively. Structural analysis revealed no significant conformational differences between the two anaphylatoxins in contrast to what has been reported for C5a and C5a desArg. We compare the structures of different anaphylatoxins and discuss the relevance of their observed conformations to complement activation and binding of the anaphylatoxins to their cognate receptors.
Introduction
The human complement system is a key component of innate immunity. It acts as a danger sensing system which participates in the elimination of invading pathogens and cellular debris, initiates inflammation, and bridges the innate and the adaptive immunity (1-3), Complement is a proteolytic cascade activated through the classical, alternative and lectin pathways, leading to the enzymatic cleavage of several complement proteins. This cascade yields enzymatically active molecules and produces biological effectors, primarily the anaphylatoxins C3a and C5a, the opsonins C3b and C4b, but also C5b that can initiate the assembly of a lytic membrane attack complex (4) . C3a and C5a target a number of cells including basophils, neutrophils, eosinophils, and mast cells. These anaphylatoxins are potent pro-inflammatory molecules that, by signalling through their cognate GPCRs C3aR and C5aR, trigger oxidative burst (5; 6), chemotaxis, smooth muscle contraction, cellular release of histamine, and increased vascular permeability (7; 8) . C3a and C5a have been associated with inflammatory diseases such as ischemia/reperfusion injury (9) , rheumatoid arthritis (10) , and sepsis (11) . Additionally, C3a regulates TNFα and IL-6 production in monocytes and B cells (12; 13) . C3a shares 36 % sequence identity with C5a and both proteins are highly basic. The activity of these anaphylatoxins is regulated by carboxypeptidases (14; 15) that cleave off the Cterminal arginine, yielding C3a desArg and C5a desArg. C5a desArg retains up to 10 % of C5a activity, unlike C3a desArg, which is apparently devoid of any proinflammatory activity (16; 17) . Interestingly, the third 7TM receptor of the complement system, C5L2, binds C5a and C5a desArg but does not couple to heterotrimeric Gproteins unlike the GPCRs C5aR and C3aR (8) . It has also been suggested that C3a desArg binds to C5L2 and thereby exerts its function as a regulator of triglyceride synthesis rates (18) -although contradicting data exist (19; 8) . Thus, in contrast to the canonical GPCR agonists C3a and C5a, the desArg versions might exert other, unrelated functions.
The X-ray structures of plasma-isolated human C3 and C5 as well as bovine C3 have been solved over the last decade, providing insights on how the anaphylatoxin moiety of these complement proteins is folded (20) (21) (22) . The three-dimensional structure of recombinant human C5a (23; 24) has also been determined by NMR spectroscopy. These structural data all indicate that C3a and C5a adopt an α-helical arrangement and fold into a four-helix bundle motif. In contrast, a recent crystal structure of C5a desArg (25) suggests that the N-terminal α1-helix can detach from the remaining three α-helices. Therefore C5a and C5a desArg may bind to C5aR and C5L2 in a conformation different from the canonical four-helix bundle (26) .
In the case of C3a, a medium resolution X-ray crystal structure has also been reported already in 1980 (27) . However, this structure lacks 14 N-terminal amino-acid residues corresponding roughly to the α1-helix, and the atomic coordinates have never been deposited in the Protein Data Bank. Finally, no structural information is yet available on C3a desArg.
In order to clarify the conformation of the four helices in C3a and C3a desArg, we have undertaken structural studies of these two human anaphylatoxins. Purification of C3a and C3a desArg from human plasma usually yields preparations that contain a mixture of both proteins, therefore creating a heterogeneity unsuitable for 6 crystallographic studies (27) . Furthermore, the protein is modified by an N-linked glycosylation at the C-terminal end of the α4-helix introducing further flexibility. The production of recombinant C3a and C3a desArg has proven to be challenging and present purification protocols require harsh conditions such as denaturation/renaturation (28) or acidic precipitation (18) , leading to a final protein yield which is rather low. Here we report the X-ray structures of recombinant, biologically active human C3a and C3a desArg prepared by a fast and simple protocol.
Results

Recombinant C3a and C3a desArg are biologically active
Recombinant human C3a and C3a desArg were expressed in E. coli cells and purified using a two-step Ni 2+ -NTA affinity chromatography followed by an ionexchange chromatography step. C3a and C3a desArg eluted as a single, monodisperse peak on the cation-exchange chromatography column, at respectively 380 and 330 mM NaCl, reflecting the difference in their isoelectric properties ( Figure   1A ). The final yield of the purification was about 0.5-0.7 mg/L of bacterial culture.
To verify whether our recombinant anaphylatoxins were biologically functional, we performed an N-acetyl-β-D-glucosaminidase-release assay on stably transfected cells expressing the anaphylatoxin receptor C3aR, as described previously (29; 16).
The curves were compared to those obtained with commercially available C3a These data indicate that the activity and the specificity of recombinant C3a and C3a desArg as measured by glucosaminidase release are identical to those of the proteins purified from human plasma.
C3a and C3a desArg structures
Considering that recombinant C3a but not C3a desArg is able to trigger cell activation, we wanted to investigate if this might be due to conformational differences between the two molecules. For this purpose we determined the structures of recombinant human C3a and C3a desArg at 2.3 and 2.6 Å resolution, respectively.
The two proteins crystallized in a hexagonal space group with almost identical unit cell parameters (Table I) , with however one major difference: the structure of C3a was determined in P6 3 with two monomers in the asymmetric unit, whereas C3a desArg crystals possess P6 3 22 symmetry with one monomer in the asymmetric unit. 22 ).
An inspection of the two C3a monomers present in the asymmetric unit suggested that the flexibility of, in particular, the C-terminal Arg748 (prepro-C3 numbering, subtract 671 to obtain residue numbers starting at 1 and ending at 77 for the C3a fragment) violates P6 3 22 symmetry (Supplementary Figure S1 ). This was confirmed by processing the data in higher (P6 3 22) and lower (P6 3 ) symmetry, refining and monitoring the R factors. In fact, the data processed in P6 3 22 had higher R sym values and the C3a model was refined to a higher R free value compared to P6 3 . The fact that C3a desArg, lacking the Arg 748, refines well in P6 3 22 further corroborates the pseudosymmetry in the case of C3a.
The overall structural arrangement of C3a is shown in Figure 2A . Both anaphylatoxins adopt the characteristic four-helix bundle fold with residues 675-684 (4-13 in C3a numbering) forming the α1-helix, residues 691-697 (20) (21) (22) (23) (24) (25) (26) form the α2-helix, residues 707-711 (36-40) comprises the α3-helix, and residues 718-743 (47-72) form the α4-helix. Although only helices α2, α3 and α4 were observed in the original crystal structure of C3a (27), a four helical bundle structure of C3a was earlier suggested based on NMR data (30) and comparison with C5a (31). The packing of the four antiparallel helices is primarily stabilized by three disulfide bridges: Cys693-Cys720 (α2-α4), Cys694-Cys727 (α2-α4) and Cys707-Cys728 (α3-α4). There are no indications of an alternative disulphide bridge pattern observed upon reduction and denaturation of C3a (32), and in fact the cysteine sulphur positions are so well-defined that they have very recently been used for Radiationdamage-induced-phasing (33) . Clear and well-defined electron density was visible for most of the C3a and C3a desArg molecules ( Figures 2C and 2D ), except for Arg748 in the C3a structure, as mentioned above. The loop region between helices α3 and α4, encompassing residues 713 to 719, was also more poorly defined in the electron density maps suggesting flexibility of this region. The final models contain residues 672-748 for C3a and residues 673-747 for C3a desArg.
The two monomers present in the asymmetric unit of the C3a crystal are arranged in an antiparallel, practically perpendicular fashion around the non-crystallographic twofold axis ( Figure 2B ). The reported structure of C5a desArg likewise showed a dimeric organization of the asymmetric unit and the observed dimer has been proposed to be of functional relevance for the binding of C5a/C5a desArg to the C5aR/C5L2 receptors. However, the existence of this dimer in a physiological setting remains unproven. Analysis with PISA (34) of the dimer contained in the asymmetric unit of our C3a crystal suggests that this dimer is unlikely to be of biological relevance.
Superimposition of C3a and C3a desArg ( Figure 3A ) reveals a high similarity between the two structures with an RMSD of 0.40 Å on Cα atoms. Apart from the Cterminal arginine, the most pronounced difference between the two structures can be observed for the mobile loop region between helices α3 and α4 (residues 713-719).
C3a and C3a desArg are highly cationic molecules possessing 7 lysine and 12 or 11 arginine residues respectively. In the unbound anaphylatoxins these residues form a large, positively charged solvent-accessible surface area most likely important for interaction with negatively charged elements located on the extracellular face of C3aR such as the sulfotyrosine region (35) . However, this positively charged patch is partially shielded in the intact C3 (Supplementary Figure 2) thereby effectively preventing interaction of the highly abundant C3 with e.g. C3aR.
Comparison of recombinant C3a/C3a desArg with the C3a moiety of human and bovine C3
The X-ray crystal structures of both bovine and human C3 have been determined 
Comparison to other anaphylatoxins
Human anaphylatoxins C3a, C4a and C5a share approximately 18% of sequence identity and they all possess the three disulfide bridges that interlock the α2, α3 and α4 helices. We have recently determined the structures of unbound C4 and of C4 in complex with a fragment of the MASP-2 proteinase cleaving C4 in the lectin pathway of complement activation (36) . In the unbound C4 structure, the density for helix α1 is poorly defined, suggesting a high mobility of this helix. By contrast, α1 becomes ordered and integrated in the four-helix bundle in the C4·MASP-2 complex ( Figure   4A ). As mentioned above, the crystal structure of C5a desArg (25) displays a protein folding into a three-helix bundle and contains two non-identical monomers in the asymmetric unit. One forms a regular three-helix bundle, where the α1 and α2
helices have merged to form a single long helix. In the other monomer, the α1-helix is protruding at an angle of almost 120° from the α2-helix. Structural superimposition of C5a with the two unequal monomers of C5a desArg ( Figure 4B ) highlights these conformational differences. In all structures of intact C5 (22; 37; 38), the C5a moiety adopts a classical four-helix bundle, but the three-helix bundle conformation may be present in pro-C5 for topological reasons (25) .
Analysis of the interaction forces of the N-terminal α1-helix in C3a reveals that packing of α1 against the remaining three helices is mediated by 5 hydrogen bonds, a salt bridge formed with α4, and a salt bridge formed with α2 ( Figure 5A ). In contrast, most of the residues found at the interface between α1 and α4 in the C5a structure (22) are nonpolar and no hydrogen bonds are observed ( Figure 5B ). This suggests that the packing into a four-helix bundle motif might be less stable in the case of C5a, which might explain the tendency for α1 to be more mobile. On the other hand, the flexibility of helix α1 observed in the C4 structure suggests that this property is not unique to C5a.
Discussion
Here we have reported a new and simple protocol for the purification of recombinant that the overall conformation of C3a and C3a desArg is almost identical and that both proteins adopt a canonical four-helix bundle fold. The secondary structure we observe is somewhat at variance with an NMR study of C3a-desArg where the α4-helix was found to extend to Gln738, the last six residues were in dynamic random coil conformation, and the α1-helix to begin at Arg679 (30) suggesting that crystal packing may stabilize the ends of helices α1 and α4.
In contrast to the stable four-helix bundle observed in C3a and C3a desArg a high degree of flexibility is observed for the N-terminal helix of C5a desArg (25) . However, this behaviour has not been observed in NMR studies of C5a (40; 23; 24) suggesting that crystallization may have promoted the release of the α1-helix in the C5a desArg.
On the other hand, the flexibility observed for the α1-helix of the C4a moiety within C4 shows that this movement might be possible for other anaphylatoxins. It is also possible that the extended conformation of the α1-helix exists in the pro-form of all three complement proteins C3, C4 and C5, as earlier suggested (25) , and that the four-helix bundle is formed in C3 and C5 once the proteins maturate by proteolytic processing, whereas both conformations seem to exist in C4.
Another possibility is that the swing-out movement of helix α1 observed in C5a desArg only occurs in the presence of an interaction partner such as the C5aR/C5L2
receptors and the carboxypeptidases. In the case of C3a and C3a desArg, we do not observe any significant structural differences even though the physiological effects of the two molecules are strikingly different. The sole influence of the C-terminal arginine residue could therefore account for the difference in their biological
properties. However, one cannot exclude that conformational differences between the two molecules may occur upon binding to their cognate receptor C3aR (16) . To answer these important questions, detailed structural information concerning complexes between anaphylatoxins and their receptors must be obtained.
Materials and Methods
Genes and plasmids
The codon-optimized C3a gene, flanked by BamHI and HindIII restriction sites and containing a 5' insertion corresponding to TEV protease cleavage site, was purchased from GenScript. An additional four amino-acid linker (GAAG) was introduced between the TEV cleavage site and the beginning of C3a sequence using the QuikChange site-directed mutagenesis kit (Stratagene). The C3a desArg construct was generated from the C3a construct. The genes were subsequently cloned into pET32a vector (Novagen). The recombinant vector was used for transformation of Shuffle T7 electrocompetent E. coli cells (New England Biolabs).
Over-expression and purification
14
E. coli cells harbouring the plasmid were grown at 37 °C in 2xTY medium supplemented with 100 μg/ml of ampicillin to an OD 600 ≈ 0. NaCl. The recombinant protein was eluted in 20 mL of 50 mM HEPES pH 8, 300 mM NaCl, 500 mM imidazole. House-made recombinant TEV protease was added in a ratio of 1:50 w/w, and digestion was conducted in a dialysis bag (3 500 Da cut-off) over night at 4 °C against 2L of 50 mM HEPES pH 8, 300 mM NaCl, 0.5 mM EDTA.
The resulting cleavage product was loaded on the HisTrap column and the untagged C3a or C3a desArg was eluted in the flow-through. Finally, the protein was purified by ion-exchange chromatography (Source 15S 9ml, GE Healthcare) in 50 mM HEPES pH 8 and eluted using a linear NaCl gradient from 150 to 500 mM. Fractions containing the recombinant protein were pooled, concentrated and stored at -80 °C.
Prior to the use in a cell-based functional assay, the samples were purified on a Detoxi-Gel TM prepacked column (Thermo Scientific) for endotoxin removal.
N-acetyl-β-D-glucosaminidase-release assay (GARA)
The release of the lysosomal enzyme N-acetyl-β-D-glucosaminidase was assayed as described (29; 
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Accession codes
The coordinates and structure factors for human C3a and C3a desArg are deposited in the RCSB as entries 4HW5 and 4HWJ. (PDB ID 3CU7, (22)) (B). The residues involved in hydrogen bond and salt bridge (dotted lines) formation are highlighted in cyan in the C3a structure, and hydrophobic residues at the α1-α4 helix interface are shown in red in the C5a structure. 
